Smooth muscle cells (SMCs) are highly plastic and modulate their phenotype in response to physiological and pathological cues. Differentiated SMCs are quiescent and contractile and contain an organized actin cytoskeleton. In response to vascular injury or growth factor signaling, SMCs dedifferentiate and adopt a proliferative, migratory phenotype that causes vascular occlusion in a variety of disorders, including atherosclerosis, restenosis following angioplasty, and hypertension (Owens 1995) .
Serum response factor (SRF) acts as a central regulator of SMC phenotypes by directly activating a battery of genes encoding components of the actin cytoskeleton (Pipes et al. 2006; Miano et al. 2007; Niu et al. 2007 ). The cardiovascular coactivator myocardin interacts with SRF and stimulates smooth muscle differentiation (Wang et al. 2001 Chen et al. 2002; Du et al. 2003; Yoshida et al. 2003) . Myocardin-related transcription factors (MRTFs) also confer actin sensitivity to SRF. MRTFs are sequestered in the cytoplasm by monomeric G-actin, whereas in response to Rho signaling or other stimuli that promote actin polymerization, MRTFs are released from G-actin and translocate to the nucleus, where they associate with SRF to drive the expression of actin and other cytoskeletal protein genes (Miralles et al. 2003; Medjkane et al. 2009 ). Thus, SRF functions as a nodal sensor of actin polymerization and as a regulator of cytoskeletal assembly, thereby governing SMC differentiation, proliferation, and migration during development and disease.
Recent studies have revealed key roles for microRNAs (miRNAs) in the control of cardiac and skeletal muscle development and remodeling in response to injury Condorelli and Dimmeler 2008; Chen et al. 2009; . miRNAs act as negative regulators of gene expression by annealing with complementary sequences in the 39 untranslated regions (UTRs) of mRNAs, causing translational inhibition and mRNA degradation (Bartel 2004) . Most studies to date have focused on the functions of miRNAs as determined by overexpression or knockdown experiments in vitro, whereas much remains to be learned about miRNA functions in tissue homeostasis and remodeling in vivo.
Here, we show that SRF and myocardin regulate a bicistronic miRNA gene cluster encoding two cardiovascularspecific miRNAs, miR-143 and miR-145. Smooth muscle differentiation is unperturbed in mice lacking these miRNAs. However, these mutant mice display a unique phenotype in which they fail to develop a neointima in response to vascular injury due to disrupted actin stress fibers and diminished migratory activity. This blockade to SMC phenotypic switching reflects the regulation by miR-143 and miR-145 of a collection of modulators of actin dynamics and cytoskeletal assembly. Our results demonstrate that miR-143 and miR-145 function as components of an elaborate SRF-dependent regulatory network involving multiple positive and negative feedback loops to control SMC phenotypes in response to stress signaling.
Results

Cardiovascular regulation of miR-143 and miR-145 by myocardin and MRTF-A
To search for miRNAs potentially regulated by SRF, we compared miRNA expression patterns by microarray analysis of primary rat cardiomyocytes infected with adenovirus expressing MRTF-A, an activator of SRFdependent transcription, and GFP as a control (Fig. 1A) . miR-145 and miR-143 were among the most strongly upregulated miRNAs in response to MRTF-A, as revealed by microarray and confirmed by real-time PCR (Fig. 1A,B) . Myocardin also up-regulated the expression of miR-145 and miR-143 in cardiomyocytes (Fig. 1B) . Northern blot analysis of adult mouse tissues showed these miRNAs to be especially abundant in the aorta and bladder, rich sources of SMCs (Supplemental Fig. 1A) , consistent with recent studies (Cheng et al. 2009; ).
miR-143 and miR-145 are highly conserved across vertebrates but show no homology with each other, indicating that they act on different target sequences. The genomic coding regions for miR-143 and miR-145 are separated by ;1.4 kb on mouse chromosome 18 (Supplemental Fig. 1B ). RT-PCR using primers from the stemloop sequences of the two miRNAs showed them to be derived from a common bicistronic precursor (Supplemental Fig. 1C ), indicating that they are cotranscribed from the same gene.
Alignment of the genomic sequence surrounding the miR-143/145 cluster across species revealed a 272-basepair (bp) region located between À3328 and À3056 bp upstream of the gene, which was highly conserved from human to opossum (Fig. 1C) . This region contained miRNA microarray of rat cardiomyocytes infected with adenovirus expressing GFP or MRTF-A. The most strongly up-regulated miRNAs in response to Ad-MRTF-A are shown. Numbers 1-4 designate independent spots for each miRNA on the arrays. The colored bar at the top of the panel represents changes on a linear scale, where green and red represent minimal and maximal expression, respectively. (B) Upregulation of miR-143 and miR-145 in rat cardiomyocytes 48 h after infection with adenovirus encoding MRTF-A and myocardin as detected by real-time PCR. Ad-GFP was used as a negative control. (C) Cross-species DNA sequence conservation surrounding the miR-143/145 gene. A conserved island of homology at À3328/À3056 contains a CArG box. A mutation placed in the CArG box is shown at the bottom. (D) Gel mobility shift assay with a labeled probe containing the CArG box sequence shown in C. SRF obtained from cell lysates of SRF-expressing cells bound with high affinity to this probe, and binding was competed by wild-type but not by mutant unlabeled probe. (E) The conserved region between À3.2 and À4.6 kb (Reporter B in Fig.  2A ) upstream of the miR-143/145 gene was cloned into the pGL2E1b luciferase expression plasmid and transfected into COS cells with a myocardin expression plasmid. Myocardin potently activated the reporter linked to the miR-143/145 upstream region with the wild-type CArG box, whereas the mutant CArG box abolished responsiveness to myocardin. (F) Reporter B was transfected into rat cardiomyocytes. The reporter with the wild-type CArG box showed high luciferase activity, whereas the reporter with the mutant CArG box showed no activity. The empty pGL2E1b reporter was used as a negative control. a conserved SRF-binding site [CC(A/T) 6 GG], known as a CArG box, that bound SRF avidly and specifically in gel mobility shift assays (Fig. 1D) . The SRF coactivators MRTF-A and myocardin activated the expression of a luciferase reporter (referred to as Reporter B) containing the conserved CArG box within a 1.4-kb genomic fragment spanning À4.6 to À3.2 kb upstream of the miR143/145 locus. Transcriptional activation was abolished by a mutation in the CArG box of Reporter B that prevented SRF binding (Fig. 1E) . Similarly, Reporter B was also strongly expressed in transfected cardiomyocytes, whereas a mutation in the CArG box extinguished expression (Fig. 1F) .
To examine the expression of the miR-143/145 locus during development, we generated transgenic mice harboring 5.5 kb of genomic DNA upstream of the gene linked to a lacZ reporter (Reporter A) ( Fig. 2A) . Robust expression of the transgene was observed in the cardiac crescent at embryonic day 7.5 (E7.5) (Fig. 2B, panel a) and throughout the developing heart (Fig. 2B , panels b-d) until E16.5 (data not shown) and was down-regulated thereafter. At E11.5, the miR-143/145 enhancer region directed strong expression in the dorsal aorta and developing intersomitic vessels (Fig. 2B , panels e,f). In adult mice, transgene expression was confined to vascular and visceral A single mutation of the CArG in Reporter A abolished expression of the lacZ transgene in the embryonic heart and adult aorta. Embryonic heart expression was assayed in F 0 and stable mouse lines, whereas adult aorta expression was assayed in two independent stable mouse lines. The 1.5-kb enhancer construct (Reporter B) contains only the two evolutionarily conserved regions and is sufficient to drive lacZ expression in the embryonic heart and adult aorta. Mutation of the CArG box in Reporter B abolished lacZ expression in the embryonic heart and adult aorta as determined in two stable mouse lines. (B) Transgenic mice were generated with a lacZ reporter linked to 5.5 kb of genomic DNA upstream of the miR-143/145 gene (Reporter A in A). The embryo in panel e was cleared to allow visualization of internal structures. Panel f is a high magnification of the embryo in panel e to show lacZ expression in SMCs lining the dorsal aorta (ao) and intersomitic arteries (isa). (Fig. 2B, panels g-j) . The Reporter A and B transgenes were expressed in all vascular SMCs throughout the body, as well as in SMCs lining internal organs such as the bladder, stomach, and intestines. The cardiovascular-specific expression of this transgene mirrors that of the endogenous miR-143/145 miRNAs as revealed by in situ hybridization (Cheng et al. 2009; ).
Transgenic mice containing Reporter B showed strong expression in cardiac and vascular SMCs, comparable with that of the complete 5.5-kb region in Reporter A ( Fig.  2A,B,D) . Consistent with the results of reporter assays in cultured cells (Fig. 1E) , a mutation in the CArG box abolished cardiac and smooth muscle expression of the Reporter A and B transgenes in vivo (Fig. 2D) . We conclude that SRF and myocardin/MRTF-A activate miR-143/145 expression through a conserved CArG box within an upstream, cardiovascular-specific enhancer.
These transgenic analyses of the miR-143/145 cisregulatory elements agree with those of with respect to the requisite role of the CArG box in smooth muscle expression in vivo. However, in contrast to our findings demonstrating that the CArG box is required for cardiac expression at multiple developmental time points, reported that an evolutionarily conserved binding site for Nkx2.5 located ;2.57 kb upstream of the miR-143/145 gene was essential for cardiac expression in vivo, whereas our results indicate that only the conserved region between À3.2 and À4.6, which lacks this putative Nkx2.5-binding site, is necessary and sufficient for cardiac expression in vivo. Upon analysis of the Nkx2.5-binding site identified by , we found that this sequence is not evolutionarily conserved in rats, humans, and other vertebrate genomes. We are uncertain of the basis for these differing results, but based on the strong expression of Reporter B, which lacks the putative Nkx2.5-responsive region, our results do not indicate a role for this region in regulating cardiac expression in vivo. Instead, our results point to the ultraconserved upstream region containing the SRFbinding site as critical for cardiac expression. Since the constructs tested in our study and that of were not identical, it is conceivable that DNA sequences that differ between the various reporters contributed to differences in expression.
Generation of miR-143 and miR-145 mutant mice
To systematically investigate the functions of miR-143 and miR-145 in vivo, we deleted each gene singly and in combination in mice by introducing loxP sites for Cremediated recombination in the regions flanking the premiR coding regions of each miRNA through homologous recombination ( Fig. 3A ; Supplemental Figs. 2-4). The targeting strategy deleted the 70-bp pre-miR stem-loop sequence of each miRNA, or a genomic region encompassing both miRNAs, and replaced them with a neomycin resistance cassette flanked by loxP sites. Chimeric mice obtained by blastocyst injection of targeted embryonic stem (ES) cells transmitted the mutant alleles through the germline, yielding mice heterozygous for miR-143 (neo) , miR-145 (neo) , or miR-143/145 (neo) alleles. The neomyocin resistance cassette was removed by breeding these mice with mice expressing a ubiquitously expressed CAG-Cre transgene. Breeding of the offspring of these crosses generated homozygous mutants. Deletion of each miRNA was confirmed by Northern blot analysis (Fig. 3B) . Expression of either miR-143 or miR-145 did not affect the expression of the other member of the pair (Fig. 3B ). Mice homozygous for either single miRNA deletion or the double miRNA deletion (referred to as double knockout [dKO] mice) were viable and were obtained at predicted Mendelian ratios from heterozygous intercrosses. Thus, neither miR-143 nor miR-145 is essential for cardiovascular development in vivo.
Smooth muscle abnormalities in miR-143/145 mutant mice
We observed no overt abnormalities in cardiac structure or gene expression in miR-143 À/À , miR-145 À/À , or dKO mice (data not shown). However, the smooth muscle layers of the aorta and of other arteries of miR-145 À/À and dKO mice were noticeably thinner than those of wild type ( Fig. 4A ), due to a reduction in width of SMCs. The number of elastin layers separating SMCs was comparable in mice of the different genotypes, indicating that a reduction in cell size in miR-145 À/À and dKO mice likely accounts for thinning of the vessel wall. Electron microscopy revealed that wild-type SMCs contained prominent actin-based stress fibers throughout the cytoplasm, characteristic of a differentiated phenotype (Fig.  4B ). In contrast, the number and prominence of stress fibers were dramatically decreased in SMCs from miR-145
À/À and dKO mice, suggesting that these miRNAs modulate actin dynamics and cytoskeletal assembly. Electron microscopy also revealed an increase in rough endoplasmic reticulum in the cytoplasm of aortic SMCs from miR-143 À/À , miR-145 À/À , and dKO mice, characteristic of a more synthetic state (Fig. 4B ). In addition, the vessel walls of miR-145 À/À and dKO mice were distinguishable by the presence of thick extracellular matrix (ECM) surrounding mutant SMCs (Fig. 4B) .
To further examine the role of miR-143 and miR-145 in cytoskeletal assembly, we isolated vascular SMCs from the aortas of wild-type and dKO littermates and examined their properties in culture. SMCs from wild-type mice were larger than those from dKO mice and displayed more intense smooth muscle a-actin (SMA) staining within highly organized stress fibers. Consistent with their appearance in vivo, actin filaments appeared diffuse and stress fibers were not visible in SMCs from dKO mice, suggesting a disruption of actin cytoskeleton dynamics (Fig. 4D) .
Despite this less differentiated appearance, mice of all mutant genotypes expressed protein markers of smooth muscle differentiation, such as SMA and SM22, at levels comparable with wild-type littermates (Fig. 4C,E) . Similarly, mRNAs encoding smooth muscle structural proteins and myocardin were expressed at comparable levels in SMCs isolated from wild-type and dKO mice (Fig. 4F) . We conclude that miR-145 and, to a lesser extent, miR-143 are required for maintenance of actin stress fibers in SMCs in vivo, but neither miR-143 nor miR-145 are required for SMC development or differentiation per se.
The thinning of blood vessels walls in the mutant mice prompted us to investigate whether these mice might be hypotensive due to a reduction in vascular tone. Wildtype mice had normative steady-state mean arterial pressures (MAPs) and systolic blood pressures (SBPs) of 103.5 6 6.5 mmHg and 124.3 6 7.9 mmHg, respectively (Fig. 4G) . In contrast, the miR-145 À/À mice had statistically significant arterial hypotension under steady-state conditions, with MAPs of 90.2 6 3.6 mmHg (P = 0.05) and 104.2 6 3.9 mmHg (P = 0.021), respectively. Systemic hemodynamic alterations were associated with statistically significant reductions in ventricular mass that likely reflect chronic unloading of the heart (Supplemental Fig. 5 ). Wild-type mice had a heart weight index (HWI) of 8.66 6 0.38 mg/mm and a left ventricular index (LVI) of 6.21 6 0.28 mg/mm, while miR-145 À/À mice had an HWI of 7.7 6 0.31 mg/mm (P = 0.035) and an LVI of 5.56 6 0.24 mg/mm (P = 0.049). Thus, arterial hypotension was associated with reductions in cardiac and LV mass. To test whether miR-143 or miR-145 might participate in vascular remodeling in response to injury, we compared the responses of wild-type and mutant mice following carotid artery ligation, a well-established model of vascular injury that results in neointima formation due to dedifferentiation, proliferation, and migration of SMCs within the vessel wall. In wild-type mice, ligation of the carotid artery promoted the generation of a thick neointima, which almost completely occluded the lumen of the vessel (Fig. 5A) . Surprisingly, this response was nearly abolished in miR-145 À/À and dKO mice. Instead, the architecture of the vessel wall in these animals was preserved following carotid artery ligation (Fig. 5A) . In miR-143 À/À mice, neointima formation was also reduced relative to wild type, but to a lesser extent than in miR-145 À/À or dKO animals (Fig. 5A ). Neointimal formation in mice of the different genotypes was quantified by measuring the width of the intimal layer (the distance between the inner elastin layer and the lumen) and the medial layer (the distance between the inner and outer elastin layers) (Fig. 5B) . miR-145 À/À and dKO mice formed virtually no neointimal layer, and neointima formation in miR-143 À/À was reduced by at least 60%. The medial layer was also significantly thinner in the mutants, suggesting a more relaxed, less contractile state (Fig. 5B) .
Electron microscopy revealed that wild-type SMCs in the ligated carotid artery became dedifferentiated, displaying a loss of spindle-like cell morphology as they became migratory and proliferative (Fig. 5C ). In contrast, individual SMCs in the ligated carotid artery from dKO animals showed little morphological change in response to injury and appeared to be ensheathed in a thickened ECM (Fig. 5C) .
We also observed lethality in ;50% of miR-145 À/À and dKO mice that underwent carotid ligation, whereas <10% of wild-type or miR-143 À/À littermates died after the surgery. Lethality of miR-145 À/À and dKO mice was preceded by severe neurological abnormalities-including circling, loss of coordination, and seizures-that likely reflect an inability of the blood vessel to respond appropriately to injury due to a failure in SMC phenotypic modulation. Histological sections revealed severe necrosis in the left hemisphere of the brains of miR-145 À/À and dKO mice, downstream from the ligated carotid artery (Supplemental Fig. 6 ). These findings suggest a failure of vasoconstriction of the circle of Willis and failure of shunting of blood to the left hemisphere in response to carotid artery ligation in miR-145 À/À and dKO mice. These results indicate miR-145 plays an unexpected role in the response of vascular SMCs to vessel injury.
miR-143 and miR-145 target multiple regulators of actin dynamics
To identify mRNA targets that might contribute to the observed aberrations in SMC phenotypic switching and actin stress fiber formation in miR-143 and miR-145 mutant mice, we used TargetScan (Grimson et al. 2007) and Pic Tar (Krek et al. 2005 ) prediction algorithms to search for evolutionarily conserved targets for these miRNAs. Intriguingly, despite the lack of sequence homology between miR-143 and miR-145, both miRNAs were predicted to target a disproportionate number of the same genes involved in the regulation of SRF activity and actin dynamics ( Fig. 6A; Supplemental Figs. 7-13 ). Among these predicted targets are the zinc finger proteins; Kruppel-like factor 4 (KLF4) and KLF5, which repress SRF activity and either promote or inhibit SMC phenotypic switching (Nagai et al. 2005; C Wang et al. 2008; Yoshida et al. 2008; Suzuki et al. 2009 ); Slit-Robo GTPase-activating protein 1 (Srgap1) and Srgap2, which function as negative regulators of actin polymerization (Wong et al. 2001 ); Adducin-3 (Add3), an F-actin capping protein involved in cell migration (Barkalow et al. 2003 ); Sling-shot 2 (Ssh2) phosphatase, which stimulates the activity of the actin depolymerizing factor cofilin (San Martin et al. 2008; Eiseler et al. 2009 ); and MRTF-B, an actin-regulated coactivator of SRF (Kuwahara et al. 2005; Hinson et al. 2007; Parmacek 2007) .
We tested each of the above predicted targets for repression by miR-143 and miR-145 by placing their 39 UTRs downstream from a cytomegalovirus (CMV)-driven luciferase reporter and performing reporter assays in COS cells transfected with expression plasmids for miR-143, miR-145, or a control plasmid encoding an unrelated miRNA. As shown in Figure 6B , each of these reporters was repressed to varying degrees by miR-143 and miR-145 and, in general, repression correlated with the presence of predicted target sites for these miRNAs. Consistent with these findings, expression of KLF5 protein was up-regulated in SMCs from miR-145 À/À and dKO mice (Fig. 6C) . Moreover, the above targets of miR-143 and miR-145 were up-regulated in carotid arteries isolated from dKO mice compared with wild-type littermates (Fig.  6D ), in agreement with the destabilizing influence of miRNAs on their targets.
Discussion
The results of this study reveal that SRF controls the expression of miR-143 and miR-145 in SMCs, and these miRNAs, in turn, feed back to control the expression and function of multiple components of the cytoskeleton and the SRF regulatory network (Fig. 7) . In response to injury, differentiated SMCs adopt a migratory, synthetic phenotype, and SRF plays a central role in such phenotypic switching (Wang et al. 2004; Pipes et al. 2006; Miano et al. 2007 ). In mice lacking miR-143 and miR-145, the formation of normal actin stress fibers is perturbed and SMCs do not form a neointima in response to injury.
Control of actin dynamics by miR-143 and miR-145
Although miR-143 and miR-145 are nonhomologous, they both share a disproportionate number of common targets involved in actin dynamics, cytoskeletal function, and phenotypic switching of SMCs. Among these is the actin-dependent SRF coactivator MRTF-B (Miralles et al. 2003 ; Kuwahara et al. 2005 ) and Add3, which caps the Cold Spring Harbor Laboratory Press on June 24, 2017 -Published by genesdev.cshlp.org Downloaded from barbed ends of actin filaments and acts as a bridge between the membrane and actin cytoskeleton (Gardner and Bennett 1987; Barkalow et al. 2003) . Rho kinasedependent phosphorylation of Adducin results in enhanced F-actin binding and cell motility (Fukata et al. 1999 ). Ssh2, another target of miR-143 and miR-145, promotes cell motility and enhances F-actin reorganization by dephosphorylating and activating cofilin, an actin depolymerizing factor (Eiseler et al. 2009 ). Ssh1 is activated by platelet-derived growth factor (PDGF) and promotes SMC migration, whereas knockdown of Ssh1 with antisense RNA inhibits migration (San Martin et al. 2008) . miR-145 selectively targets KLF4 and KLF5, which repress SRF activity, and can either inhibit or promote SMC differentiation or proliferation, depending on the context (Suzuki et al. 2009 ). Srgap1 and Srgap2, also targeted by miR-145, modulate Slit-Robo-dependent repulsive cues and cell migration by inactivating the small GTPase Cdc42 and inhibiting actin polymerization (Wong et al. 2001) . The preferential targeting of these modulators of cytoskeletal function by miR-145 may account, at least in part, for the stronger phenotype resulting from miR-145 versus miR-143 deletion. Other predicted targets of miR-145 and/or miR-143 with roles in actin dynamics include actin, cofilin, Rho GTPase-activating protein, phosphatase and actin regulator 4, and others (Fig. 6A) . Given the plethora of targets of miR-143 and miR-145 within the actin-SRF regulatory network, we suggest that the absence of these miRNAs creates an imbalance among the various feedback loops required for cytoskeletal homeostasis, thereby perturbing stress fiber formation and actin remodeling, which are required for sensing of mechanical stress and phenotypic switching (Fig. 7) . Dysregulation of additional targets also likely contributes to the phenotypic abnormalities of miR-143/145 mutant mice.
Control of neointimal growth by miR-143 and miR-145
A recent study reported that adenoviral overexpression of miR-145 inhibits neointimal growth of the rat carotid artery in response to balloon injury (Cheng et al. 2009 ). Forced expression of miR-145 in cultured SMCs has also been reported to increase the expression of smooth muscle differentiation markers, and, conversely, inhibition of miR-145 expression with an antisense oligonucleotide interferes with smooth muscle differentiation in vitro Xu et al. 2009 ). Thus, the block to restenosis in miR-143/145 mutant mice following carotid artery ligation seems paradoxical. How might this be explained? We propose that disparities between results obtained from transient overexpression or knockdown experiments in vitro and genetic loss-of-function studies in vivo reflect the relative simplicity of in vitro assays, as well as the existence of adaptive mechanisms in vivo that do not exist in vitro. In addition, in our studies of mutant mice, SMCs are already aberrant at the time they receive the stress stimulus, whereas in overexpression or knockdown experiments, the cells are normal at the onset of injury. Finally, there is a precedent in other systems for overexpression and knockdown of miRNAs having similar consequences, which likely reflects the importance of miRNAs in stabilizing intracellular processes by buffering fluctuations of gene expression such that tipping the balance one way or the other perturbs that process (Choi et al. 2007 ). These findings highlight the importance of genetic model systems for the complete understanding of the complex functions of miRNAs in disease settings.
It is also noteworthy that miR-145 mutant mice displayed a significant reduction in blood pressure, which likely reflects reduced vascular tone in these animals. Thus, although the SMCs differentiate normally in these animals, their lack of a mature actin cytoskeleton may diminish vascular rigidity. It is conceivable that reduced vascular tone also contributes to the lack of responsiveness of the vessel wall to carotid artery ligation.
Roles for miR-143 and miR-145 in SMC differentiation
The apparently normal differentiation of SMCs in miR-143/145-null mice further highlights the differences in functions of these miRNAs as determined by in vitro overexpression or knockdown studies and gene deletion analyses in vivo. Recently, miR-145 was shown to be necessary for reprogramming of fibroblasts to an SMC fate by myocardin and sufficient to direct SMC fate in neural crest cells ). Our results suggest that the functions of myocardin are less reliant on miR-145 in vivo than in vitro, since we observed little Cold Spring Harbor Laboratory Press on June 24, 2017 -Published by genesdev.cshlp.org Downloaded from diminution of smooth muscle differentiation markers in miR-145 mutant mice. If miR-145 were indeed required for myocardin activity in vivo, miR-145-null mice might be expected to resemble myocardin-null mice, which die during early embryogenesis from a failure in smooth muscle differentiation . Perhaps overexpression and knockdown experiments in vitro do not fully reflect the functions of miR-145 when expressed at physiological levels in vivo. Alternatively, there may be compensatory mechanisms in vivo that can override the dependency of myocardin on miR-145. In this regard, we also isolated embryonic fibroblasts from miR-143/145-null mice and expressed myocardin in them through adenoviral delivery. In these experiments, smooth muscle markers were activated to comparable levels as in wildtype fibroblasts, again indicating that the genetic deletion of these miRNAs does not strongly diminish myocardin activity M Xin, L Sutherland, and EN Olson, unpubl.).
miRNA effectors of SRF action
Our results demonstrate that SRF is an obligate activator of miR-143/145 transcription in the developing cardiovascular system, as well as in SMCs of the adult aorta, and underscore an emerging theme with respect to SRFmiRNA regulatory circuits. Similar to the regulation of miR-143/145, SRF directly regulates the expression of the miR-1-1/133a-2 and miR-1-2/133a-1 clusters in developing skeletal and cardiac muscle, and these miRNAs feed back to modulate the actions of SRF in these types of muscle cells through precisely titrated regulatory loops (Chen et al. 2006; Liu et al. 2008) . Numerous other miRNA genes are coupled to one or more CArG boxes that have not yet been functionally analyzed (Niu et al. 2007 ). Together, these findings suggest that SRF regulation of miRNAs represents a common form of regulation that likely reflects the key role of SRF as a sensor of extracellular signals, and the need to precisely modulate its activity so as to control cell proliferation and differentiation.
Therapeutic implications
The results of this study further underscore the pivotal roles of miRNAs in mediating changes in gene expression and cell functions in response to injury and stress. Such functions of miRNAs are especially prominent in the cardiovascular system, in which miRNAs have been shown to mediate numerous pathological processes Barringhaus and Zamore 2009), including cardiac hypertrophy (van Rooij et al. 2006) , cardiac fibrosis and remodeling in response to myocardial infarction (van Rooij et al. 2008) , arrhythmias (Yang et al. 2007) , and angiogenesis (S Wang et al. 2008; Bonauer et al. 2009 ). Depending on whether a miRNA is pathogenic or protective in a particular disease setting, it should be possible, in principle, to inhibit or enhance its function through the use of anti-miRNAs or miR mimics, respectively. The discovery of miRNAs as modulators of disease processes can also provide unanticipated insights into disease mechanisms through the identification of the cellular effectors of miRNA action. Thus, manipulation of disease-associated miRNAs offers interesting therapeutic opportunities for the future.
Materials and methods
Generation of miR-143/145 mutant mice All targeting vectors for generating null alleles of miR-143, miR-145, and miR-143/145 compound deletion mutations were constructed using the pGKNEO-F2DTA vector, which contains a neomycin resistance gene driven by the pGK promoter, flanked by loxP sites, and a diphtheria toxin gene cassette. Both miR-143 and miR-145 targeting strategies were designed to replace the pre-miR sequences with the neomycin resistance cassette flanked by loxP sites. For the targeting vector of miR-143, a 3.5-kb fragment upstream of pre-miR-143 and a 4.5-kb fragment immediately downstream from pre-miR-143 were generated as the 59 and 39 arms, respectively, by TAKARA Taq LA PCR amplification (TAKARA) of 129SvEv genomic DNA. For the targeting vector of miR-145, a 3.5-kb fragment upstream of premiR-145 and a 5-kb fragment downstream were generated as the 59 and 39 arms, respectively. For the targeting vector of the miR-143/145 double mutant, a 3.5-kb fragment upstream of pre-miR-143 and a 4.5-kb fragment immediately downstream from premiR-145 were generated as the 59 and 39 arms, respectively. A KO arm was generated by inserting a 1.5-kb genomic DNA sequence containing pre-miR-143, pre-miR-145, and the 1.4-kb DNA between the two pre-miRs into the targeting vector between the two loxP sites. The targeting vectors were then linearized and electroporated into 129SvEv-derived ES cells. Five-hundred ES cell clones for each targeting vector were isolated and analyzed for homologous recombination by Southern blotting. Three clones with a properly targeted miR-143, miR-145, or miR-143/145 allele were injected into 3.5-d C57BL/6 blastocysts, and high-percentage chimeric male mice were crossed to C57BL/ 6 females to achieve germline transmission of the targeted alleles. Heterozygous miR-143 neo/+ or miR-145 neo/+ mice were intercrossed with Cre-transgenic mice under the control of the CAG promoter to remove the neo cassette for miR-143 and miR-145 KOs, and to remove both miR-143 and miR-145 together with the neo cassette for dKO mice. All the miR-145 KO mice in the study wer products of intercrossing miR-145 neo/+ mice. All experimental procedures involving animals in this study were reviewed and approved by the Institutional Animal Care and Research Advisory Committee at the University of Texas Southwestern Medical Center.
Northern blot analysis
Ten micrograms of total RNA from different tissues were electrophoresed on a 20% polyacrylamide (7.6 M urea) gel in 13 TBE. RNA was then transferred onto a Zetaprobe GT membrane (Bio-Rad) in 0.53 TBE buffer at 80 V for 1 h. Hybridization was performed at 39°C according to a standard protocol. 32 P-labeled Star-Fire oligonucleotide probes (IDT) against mature miR-143, miR-145, and U6 were used in the hybridization.
Histology and immunohistochemistry
Tissues were fixed in 4% paraformaldehyde, embedded in paraffin (Moller and Moller 1994) , and sectioned at 5-mm intervals. Hematoxilin and eosin (H&E) and elastin stains were performed using standard procedures. Immunohistochemisty was carried out on paraffin-embedded sections as described previously (Xin et al. 2006 ). Cy3-conjugated SMA antibody was from Sigma (Clone 1A4; 1:200). Slides were mounted with Vectashield mounting medium with DAPI (Vector Laboratories).
Cell culture
Mouse SMCs were isolated from postnatal day 2 aortas. After removing the fat and connective tissues surrounding the aorta, the tissue was sliced into small pieces and placed on a 12-well dish. The explant was kept in DMEM/FM-12 medium containing 20% FBS, streptomycin, and penicillin. After SMCs migrated out of the explant, the cells were maintained in 10% FBS containing DMEM/F-12 medium. Cells between passages 2 and 5 were used in the experiments.
Reporter assays
A DNA fragment containing full-length 39 UTRs for putative miR-143 and miR-145 targets were cloned into pMIR-REPORT vector (Ambion). Cell culture and luciferase assays were performed as described previously ). Briefly, COS cells were transfected using Fugene 6 reagent according to the manufacturer's instructions (Roche). pCMV-lacZ was used as transfection control, and the total plasmid amount was kept constant with empty pcDNA3.1. Forty-eight hours after transfection, cell extracts were assayed for luciferase expression using the luciferase assay kit (Promega). Relative reporter activities are expressed as luminescence units normalized for b-galactosidase expression in the cell extracts.
Electron microscopy
Eight-week-old miR-143/145 mutant mice and control littermate mice were anesthetized and transcardially perfused with 0.1 M phosphate buffer (pH 7.3), followed by 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer. Descending dorsal aortae were removed and fixed overnight at 4°C. Samples were processed by the University of Texas Southwestern Medical Center Electron Microscopy Core Facility. Sections were imaged on Tecnai TEM at the indicated magnifications. The left carotid ligated and the right carotid control arteries from wild-type and dKO mice were harvested after 14 d of ligation and prepared for electron microscopic observation as described (Davis 1993) .
Carotid artery ligation
Carotid artery ligation was performed as described previously (Kumar and Lindner 1997) . For histological analysis, the aortic trunk including the left (ligated) and right (control) carotid arteries were harvested on post-operative day 28, fixed in 4% paraformaldehyde overnight at 4°C, and embedded transversely in paraffin. Histological sections were obtained beginning at the ligature and collected every 100 mm over the next 2000 mm. All data were obtained using histological sections taken at 1900 mm proximal to the ligature.
Hemodynamic and cardiac morphologic measurements
To measure systemic hemodynamics, mice were anesthetized via isoflurane inhalation and transferred to a heat-controlled pad to maintain a constant body temperature. At a stable plane of anesthesia (1.5% isoflurane) the right carotid artery was exposed via direct midline neck incision, the distal end was ligated, and the artery was catheterized (1.4F Millar, Millar Instruments). After allowing the animal a minimum of 20 min for stabilization, a minimum of 15 min of steady-state data were obtained.
Following completion of hemodynamic evaluation, the mice were euthanized and the heart was excised for morphological analysis. Under a stereomicroscope, hearts were cleaned of extraneous tissue and total heart and LV (free wall + septum) weights were recorded. Tibias were isolated from each animal and used to index whole heart and LV mass.
RNA purification and real-time PCR
Total RNA was isolated with Trizol reagent (Invitrogen) according to the manufacturer's protocol. After treatment with DNase I (RNase-free; Ambion), random hexamer-primed single-strand cDNAs were synthesized from 2 mg of total RNA using SuperScriptIII (Invitrogen). miRNA microarray analysis was performed using the mammalian miRNA probe set (LC Sciences). miRNA levels were confirmed using Northern analysis and TaqMan miRNA real-time probes (Applied Biosystems). Real-time PCR was performed using TaqMan probes on an ABI-PE Prism 7000 sequence detection system (Applied Biosystems) according to the protocol provided by the manufacturer. The relative quantities of mRNA were determined using comparative CT method and were normalized against GAPDH for mRNA or RNU6 for miRNA.
Microarray analysis
Primary neonatal rat ventricular cardiac myocytes were prepared as described (Molkentin et al. 1998 ). Twenty-four hours after plating, cardiac myocytes were infected with 10 MOI (multiplicity of infection) of adenovirus directing the expression of GFP or Flag epitope-tagged MRTF-A. Forty-eight hours after infection, total RNA was purified from cardiac myocytes using Trizol reagent (Invitrogen). miRNA microarray analysis was performed using the mammalian miRNA probe set (LC Sciences).
Western blot analysis
Ten micrograms to 50 mg of total protein extracts from descending aorta of adult mice were loaded on SDS-PAGE gels for Western blotting. Western blotting was performed by a standard protocol. Antibodies against KLF5 (Abcam), SM22 (Abcam), SMA (Sigma, A5228), and GAPDH (Chemicon) were used as described previously. Quantification of Western blots was performed by densitometry using the Storm 820 PhosphorImager and NIH ImageJ software.
Gel shift assays
Gel shift assays were performed using double-stranded oligonucleotides corresponding to the miR-143/145 CArG sequence. The oligonucleotide probe sequences used were as follows (with binding site in bold and mutations underlined): miR-143/145 CArG, 59-GCCTTGCCATATAAGGGCAGGA-39; miR-143/145 mut CArG, 59-GCCTTGCCATATAATTGCAGGA-39.
Protein lysates were incubated with 32 P-labeled oligonucleotide probes and 1 mL of poly dIdC (1.0 mg/mL). Nondenaturing electrophoresis was carried out essentially as described previously using Flag-SRF or control plasmid containing COS cell extract (McFadden et al. 2000) .
Transgenic mice
Transgenic mice were generated by pronuclear injection according to standard procedures. A 5.5-kb genomic sequence (Reporter A) upstream of the pre-miR-143 coding region, containing the miR-143/145 in vascular remodeling two conserved regions, and a series of deletion constructs (including Reporter B) were cloned upstream of the hsp68 basal promoter and a lacZ reporter gene. The reporter construct was digested with SalI to remove vector sequence and was injected into fertilized oocytes from B6C3F1 female mice and implanted into pseudopregnant ICR mice. Embryos and adult tissues were collected at indicated stages and stained for b-galactosidase activity (Naya et al. 1999) , and mice carrying lacZ transgenes were identified by PCR analysis. The primer sequences used to generate the 5.5-kb upstream and enhancer constructs were as follows: Reporter A, forward primer, 59-CTCACCGACAAGTC CTGCAGTG-39; Reporter A, reverse primer, 59-GCGGCTTTC TTCTTGGGCAGGA-39; Reporter B, forward primer, 59-CAGA GGAAGGACTGGAGGTGAG-39; Reporter B, reverse primer, 59-CAACAGCTTGAAGGCCTGCTG-39.
